Abstract. Chemical sputtering of amorphous hydrogenated carbon films by exposure to nitrogen molecular ions and combined exposure to nitrogen molecular ions and atomic hydrogen was studied as a function of ion energy in the range 30-900 eV and as a function of temperature between 110 and 350 K. The yield for nitrogen ions alone is substantially higher than that expected for physical sputtering. Furthermore, it shows only very weak variation with energy in the range from 900 down to 50 eV. This behaviour is interpreted as a clear indication of chemical sputtering. Combined exposure to nitrogen ions and atomic hydrogen causes substantially higher erosion yields than nitrogen alone and shows a distinct energy dependence. Reduction of the substrate temperature causes no measurable change of the chemical sputtering yields. Model descriptions are presented for the ions-only and ions-plus-hydrogen cases.
Introduction
The theoretical prediction of Liu and Cohen [1] on a hypothetical covalently bonded β-C 3 N 4 compound with a hardness higher than that of diamond spurred considerable efforts by many groups to synthesize hydrogen-free as well as hydrogen-containing carbon-nitrogen thin films (a-C:N and a-C:N:H, respectively) [2] . Many different methods have been used including plasma deposition [2] - [4] , sputter deposition [5] - [11] , ion beam deposition [12] - [15] and implantation of high-energy ions [16, 17] . A common result from a variety of different deposition techniques is that the maximal achievable nitrogen fraction in hydrogen-free C:N films is limited to about 30-40 at.% and that the deposition rate decreases with increasing nitrogen addition to the working gas [2, 18] . It was suggested that this is due to the formation of volatile CN species (e.g. C 2 N 2 ) during the interaction of energetic nitrogen ions with the carbon surface [19] . Such a process is generally denoted chemical sputtering [20] . In the following years, characteristic signatures of chemical sputtering of carbon layers due to bombardment by nitrogen ions were reported [4, 5, 12, 17, 21, 22] . We have recently reported sputtering yields for the sputtering of a-C:H films with N + 2 ions [23] . The energy dependence of this process differs significantly from physical sputtering and was therefore interpreted as a clear indication of chemical sputtering. In principle, the observations are very similar to the chemical sputtering of carbon by hydrogen ions [24, 25] . For a recent review of this process, see [20] . It was further shown that addition of hydrogen to the plasma leads to a substantial additional decrease of the achievable deposition rates [10, 15] . Depending on the actual condition at the sample surface, deposition of films can be completely suppressed [10, 15, 26] or even changed over to net erosion [26] . Chemical sputtering in the C/N/H system proceeds via formation of volatile species, such as hydrocarbons, HCN, CN and C 2 N 2 [4, 5, 10, 17, 21, 22, 27, 28] .
The interactions of nitrogen and hydrogen with carbon surfaces is also of interest in nuclear fusion research [29] . N 2 has been used as a candidate for impurity seeding in the divertor of tokamak experiments to reduce the local power load on highly exposed surfaces by enhanced radiative cooling [30, 31] . In addition, redeposition of carbon together with hydrogen isotopes is a challenge for the operation of any future device containing carbon as the first-wall material, because it will contribute significantly to tritium retention. To reduce redeposition in remote 3 areas of nuclear fusion devices, adding nitrogen in the divertor was suggested [29, 32] . However, in this instance, the combined interaction of nitrogen species (atoms and ions) and hydrogen with carbon surfaces has to be taken into account. Recently, Schwarz-Seelinger et al [26] have shown that chemical sputtering plays a very significant role in the etching of a-C:H films in hydrogen/nitrogen gas mixtures and during the deposition of a-C:N:H films in methane/nitrogen mixtures. These results are in excellent agreement with the earlier investigations of Nagai et al [33] , who investigated the chemical sputtering of organic films in nitrogen and hydrogen containing plasmas for applications in integrated circuits production. The effect occurs only if the surface is bombarded with energetic species and the erosion rate has a maximum for a nitrogen fraction of about 20-30% [26, 33] . It is, therefore, of fundamental interest to nuclear fusion research to achieve a good understanding of the highly complex set of plasma-surface interaction processes in this system in order to be able to assess the consequences of N 2 -seeding on carbon component lifetime and hydrogen inventory.
In this paper, we present sputtering yields for chemical sputtering of hydrocarbon layers by nitrogen molecular ions (N + 2 ) alone and by combined exposure to N + 2 and atomic hydrogen. The energy dependence was investigated in the energy range from 30 up to 900 eV. We further present the temperature dependence in the range from 340 K down to 110 K. A simple model for the energy dependence is presented and compared with the measured data.
Since there is no generally accepted definition of phrases such as chemical erosion and chemical sputtering, it is important to define how we will use them to avoid any confusion. Physical sputtering is the ejection of target atoms from a surface due to bombardment with an energetic projectile. It is a purely physical process which is dominated by momentum transfer between projectile and target atoms. Physical sputtering occurs for all projectile-target combinations. Sputtering may be enhanced or reduced if the projectiles form chemical bonds with the target atoms. Enhancement is due to the formation of volatile species. This process is generally called chemical sputtering [20] . But the sputtering yield may also be reduced if stable chemical compounds such as oxides or carbides are formed. In addition, chemically reactive species such as, e.g., hydrogen atoms can react with surface atoms and lead to the formation of volatile species. Such reactions are in general thermally activated and do not require physical momentum transfer. Consequently, such processes are called chemical erosion. We note that this definition differs from parts of the literature where chemical sputtering and chemical erosion are used synonymously. In the following, we will use the phrases physical sputtering and chemical sputtering, if we want to differentiate them from one another. The more general phrase sputtering will be used if either both processes are significant or if we cannot or do not want to distinguish between them. The phrase sputtering is preferred to the even more general phrase erosion, because it emphasizes the importance of ion energy for the process.
Experimental
The particle-beam experiments were carried out in the MAJESTIX device. The experimental setup is thoroughly described in [34] . In short: for the experiments described in this report the ion source and one radical beam source were used. A beam of mass-filtered ions was produced by a commercial Colutron G2-D low-energy ion-gun system. N + 2 ions were selected because the achievable ion currents were much higher than those for N + ions. One of the radical beam sources is used to generate a flux of thermal, atomic hydrogen. Film thickness changes were measured in real time by ellipsometry. Because of the strong correlation of all physical 4 properties of the investigated hydrocarbon layers [35, 36] , the carbon density of the layers can be determined from the measured optical constants. This allows converting the film thickness change into the number of eroded carbon atoms. With the measured impinging ion flux density, the erosion yields can be calculated from the sputtering rates. The yields in this paper are given as the number of eroded carbon atoms per impinging ion throughout, which means for nitrogen irradiation we give the yields per N + 2 ion. As samples, silicon wafers with approximately 30 nm thick a-C:H films were used. Amorphous hydrogenated carbon films were produced in the load lock of the MAJESTIX setup using an RF plasma with methane (CH 4 ) as a working gas [34] . Typical hard, diamond-like a-C:H films with a hydrogen content of H/(H + C) ≈ 0.3 (with a refractive index of about 2, and a density of about 2 g cm −3 ) were produced at a self-bias voltage of about 300 eV [35, 36] . The experimental capabilities of MAJESTIX in these experiments were extended over those described in [34] . Now, the substrate holder can be cooled by cold nitrogen gas to a minimum temperature of 110 K and heated resistively up to ≈900 K. The temperature of the a-C:H film is measured by a thermocouple clamped to the sample surface. In the cooling mode (T between 110 and 300 K), the temperature is held constant at the desired value by cooling with constant cooling power and controlled simultaneous heating.
The base pressure of MAJESTIX is 1 × 10 −6 Pa. The background pressure increases to about 6 × 10 −5 Pa, if the N + 2 ion source alone is operational. During the operation of the atomic hydrogen source, it increases to about 4 × 10 −4 Pa and if both the sources are running, it is about 5 × 10 −4 Pa. The dominant contributions to the background during the operation of the particlebeam sources are molecular hydrogen and nitrogen, respectively. It was checked in separate experiments that these background contributions have no influence on the measured erosion yields. Figure 1 shows the sputtering yields for the bombardment of a-C:H films with N + 2 ions and Ne + , respectively, that were already presented in [23] . The solid circles represent the measured sputtering yield for the bombardment with N + 2 ions alone as a function of ion energy between 30 and 900 eV. The additional (compared with [23] ) data point at 50 eV (square) was measured about 18 months after the series of original measurements along with the temperature series shown further below. In the meantime, the ion gun had been refurbished and the sample holder as well as the ellipsometer setup had been modified. The error bar for this data point is slightly lower than that of the original data because the new ellipsometer has a better accuracy than the former one. This data point demonstrates the good reproducibility of the absolute yields despite the modification of the experimental setup.
Results

Chemical sputtering by nitrogen ions only
The data were thoroughly discussed in [23] . The results and interpretation are summarized here because they are the basis for further data and model results presented in this paper. The neon data (triangles) in figure 1 show a decrease in the physical sputtering yield with decreasing ion energy. They are in excellent agreement with predictions from TRIM.SP (dashed line). TRIM.SP [37] is a well-established Monte Carlo code based on the binary-collision approximation which allows a reliable calculation of physical sputtering yields. TRIM.SP correctly predicts the magnitude and energy dependence of the experimental results. The surface-binding energy of carbon for the TRIM.SP simulations was set to 2.8 eV, a value which was found to describe physical sputtering of such films with Ar + [38, 39] , Ne + [39] and He + [40] ions very well. The sputtering yield for N + 2 ion bombardment is shown by the solid circles and the solid square. It is approximately constant taking on values in excess of 1 in the whole energy range 50-900 eV. Below 50 eV, it decreases strongly. The experimental data are compared with TRIM.SP simulations (solid line in figure 1 ). Because TRIM.SP cannot treat molecular ions, it was assumed that an N + 2 ion behaves like two independent N + ions at half the energy. Clearly, this is an assumption which becomes questionable at low ion energies. This will be a topic of further research. At higher ion energies, this assumption appears to be justified and is commonly applied in the literature [20] . The surface-binding energy of the N + projectiles, which adds to the initial ion energy upon approach to the surface, was taken as 1.0 eV [41] .
It is quite obvious that the N + 2 data cannot be described by the TRIM.SP simulation results (solid line in figure 1 ). Neon was chosen for this comparison because its mass is very similar to that of nitrogen, so that the collision cascade physics for both the species should be rather similar. For example, the maximum transferable energy fraction in a binary collision is 0.994 for nitrogen and 0.938 for neon. The following differences between the neon and nitrogen results are found: the neon sputtering yield shows a clear energy dependence. In the investigated range, it decreases with decreasing ion energy by about one order of magnitude and agrees very well with the TRIM.SP simulation results. For energies below about 100 eV, the yield is negligible. Although TRIM.SP predicts very similar results for both species, the N + 2 data are higher than the neon data in the whole energy range. In particular, below the threshold for physical sputtering ≈100 eV, the N + 2 yield remains high. This discrepancy between the measured energy dependence for neon and nitrogen is a clear indication that chemical sputtering dominates a-C:H sputtering by nitrogen ions at low energies in close analogy to pure hydrogen-ion bombardment of graphite [20, 24, 25, 42] . Sputtering yields for hydrogen and deuterium bombardment of carbon materials also show a distinct deviation from TRIM.SP predictions at low energies. While TRIM.SP predicts a strong decrease of the yield for energies below about 100 eV, the measured yield remains rather constant for hydrogen and increases slightly for deuterium [24, 25] . The assumption that nitrogen bombardment of carbon surfaces is dominated by chemical sputtering is in agreement with the preceding mass spectrometric investigations which show the production of C x N y compounds [4, 5, 12, 17, 21, 22] . , so that the hydrogen-to-ion flux ratio, R, was between 380 and 400. The yield for the combined bombardment case is higher than the yield for the nitrogen-only case in the whole energy range. Furthermore, the N + 2 + H 0 case shows a much stronger energy dependence. The difference between the two cases increases with increasing energy. This measured energy 7 dependence for N + 2 and hydrogen is in good agreement with other co-bombardment experiments using Ar + [38, 39, 43] , Ne + [39] and He + [40] ions. The observation of enhanced erosion in the presence of hydrogen is in agreement with published results for the deposition and erosion of C:N:H films using plasmas. As discussed in the introduction, Nagai et al [33] and Schwarz-Selinger et al [26] found that erosion in mixed hydrogen/nitrogen plasmas is much more efficient than in pure plasmas of these two gases. Unlike in our particle-beam experiments in plasmas, such an effect could at least partially be due to changes in the plasma parameters. For example, Nagai et al [33] found that in their inductively coupled plasma reactor the plasma density and, as a consequence, also the particle flux to the surface, increases significantly if nitrogen is added to a pure hydrogen plasma. On the other hand, Jacob et al [44] have shown that nitrogen addition to an electron-cyclotron resonance plasma leads to an decrease of the ion flux to the surface. Nevertheless, measured erosion rates increase significantly, indicating a strongly enhanced efficiency of chemical sputtering. Hellgren et al [10] investigated the deposition of a-C:N:H films by magnetron sputtering in N 2 /Ar/H 2 atmosphere and found that the deposition rate decreases with increasing hydrogen admixture. For hydrogen fractions higher than about 15%, no film deposition was possible. Hammer et al [15] , who studied the ion beam deposition of a-C:N:H films, also reported a decreasing deposition rate with increasing hydrogen addition. It is, however, very difficult to extract basic information about microscopic processes from such plasma and ion-beam experiments. The data presented in figure 2 clearly demonstrate that the combined interaction of N + 2 and H 0 leads to much higher chemical sputtering yields than N + 2 ion bombardment alone. They therefore provide a basis for the understanding of these experimental observations. Increasing hydrogen admixture increases the efficiency of chemical sputtering and decreases the observable net deposition rate. In some cases, deposition can be completely suppressed [10, 15] or even switched to net erosion [26] .
Chemical sputtering by combined exposure to N
Chemical sputtering below room temperature
The temperature dependence of the chemical sputtering yield for N + 2 alone as well as N + 2 + H 0 is presented in figure 3 . The temperature was varied between 110 and 340 K. In the case of N + 2 , the temperature dependence is shown for two ion energies, 50 and 400 eV. For both energies no dependence on temperature is observed in the investigated range.
In the N + 2 + H 0 case, also we find no distinct temperature dependence. Only for the highest temperature measured here (340 K), is a small increase visible. This is in the same temperature range where chemical sputtering for noble gas ions plus H 0 starts to show an increase [40, 45] and is attributed mainly to the temperature dependence of the hydrogen-carbon chemistry.
The absence of a clear temperature dependence in the low temperature range is remarkable because condensation of C 2 N 2 species was suggested to be responsible for a significant increase in the net deposition rate of a-C:N films [46] . Neidhard et al [46] deposited a-C:N films by magnetron sputtering in N 2 /Ar mixtures. A sample bias of −25 V was used to assure low-energy ion bombardment during deposition. Investigating the carbon-and nitrogen-incorporation rates as a function of temperature they found an increase for both species with decreasing temperature. During the warm-up of films deposited at 140 K, they measured a strong increase of the C 2 N 2 partial pressure in the chamber as the substrate reached 158 K, the sublimation temperature of C 2 N 2 . They interpreted this observation as an incorporation of otherwise volatile C 2 N 2 species in the growing film which are released if the sample temperature is increased above the sublimation temperature. Applying this interpretation to our case of chemical sputtering we would anticipate a decrease in the chemical sputtering yield at a temperature below 158 K, because C 2 N 2 would not desorb by thermal activation. This is, however, not observed.
In recent investigations of the co-bombardment of a-C:H with argon ions and water [47] as well as molecular oxygen [48] , we found an increase of the yield with decreasing sample temperature. In both cases, this is attributed to a chemical reaction between weakly adsorbed species and carbon atoms in the film being induced by impinging ions. The surface coverage with these weakly adsorbed species is controlled by a temperature-dependent adsorption-desorption equilibrium. The coverage increases with decreasing temperature, so that the yield for this process increases too. A comparable increase was, however, not observed for co-bombardment of a-C:H with argon ions and atomic hydrogen [40, 45] and, as shown in figure 3 , neither for N + 2 alone, nor for N + 2 + H 0 . Obviously, neither the hydrogen nor the nitrogendriven processes in these surface reactions show an enhancement due to an adsorbed layer.
Modelling
A model for chemical sputtering by combined exposure to N +
and atomic hydrogen
Hopf et al [38] devised a model to describe the energy dependence for the combined irradiation case which is based on the following microscopic mechanism: (i) incident ions break C-C bonds within their penetration range leaving behind dangling bonds. (ii) Atomic hydrogen, which is known to penetrate roughly 2 nm into a-C:H [49, 50] , passivates the dangling bonds before they 9 recombine otherwise. (iii) Repetition of steps (i) and (ii) finally leads to the formation of volatile hydrocarbons below the surface, which diffuse to the surface and desorb. The latter process is assumed to be thermally activated. In the following, we will denominate this model as the 'Hopf model'.
According to the Hopf model, the chemical sputtering yield is given by the integral over two depth-dependent factors: (i) the yield y bb (x)dx at which ions break C-C bonds at an interval dx and a depth x below the surface and (ii) a function which restricts this process to a nearsurface layer. This function was chosen as an exponentially decaying function exp(−x/λ) with a characteristic decay length λ [38] . It was already discussed in [38] that there are two possible interpretations of λ. The original interpretation of Hopf et al was that λ describes the penetration range of atomic hydrogen into the surface of the a-C:H films. The alternative explanation was that λ represents the depth-dependent probability of the out-diffusion of erosion products formed at depth x. Initially, Hopf et al favoured the interpretation of λ as the range of atomic hydrogen in the a-C:H material, because the choice of λ = 0.4 nm which resulted in good agreement between the model and the data is in agreement with experimentally determined values for the penetration range of atomic hydrogen [49, 50] . But the successful adaptation of this model to the case of hydrogen-ion bombardment of graphite [42] favoured the alternative interpretation, since in this case there is no atomic hydrogen which has to penetrate the target. Taking into account the absence of a strong temperature dependence found in this work ( figure 3 ) and for co-bombardment of a-C:H with argon ions and atomic hydrogen [40, 45] , it is questionable whether this last step (migration to the surface) should be called diffusion. For a classical diffusion process, we would anticipate a significant temperature dependence in the investigated temperature range. It is also conceivable that the migration of molecules formed at the end of the ion range to the surface as well as the desorption step are both activated by following ion impacts. In this sense, we interpret the factor exp(−x/λ) simply as a depthdependent probability for a formed molecule to leave the sample and refrain from giving an explicit physical interpretation of the underlying process.
The yield y bb (x, E) is determined from TRIM.SP [37] calculations for a given ion energy E counting the number of events where in a binary collision at least an energy E bb is transferred to a carbon atom in the film. E bb is interpreted as the minimum amount of energy that has to be transferred to a target carbon atom to break a C-C bond. It is chosen within the range of typical C-C bond energies in hydrocarbon molecules as 5 eV. One obtains
where a is a scaling factor. Fitting this model to the cases Ar + and H 0 gave a = 0.4 as the scaling factor [38] . Recent investigations with improved experimental accuracy and a much broader database resulted in a = 0.5 [40] . This value for a yields an excellent description of the energy dependence for co-bombardment cases using Ar + , Ne + and He + [40] (see figure 4) . We apply here the same model with a = 0.5 to describe the energy dependence for the N Obviously, the agreement with the data is not satisfactory. In the whole investigated energy range, the measured yields are systematically higher than the model results. The agreement with the experimental data could be improved by increasing a to 0.65. However, considering the fact that the data for He + , Ne + and Ar + plus H 0 are well described by a = 0.5, and keeping in mind that the collision cascade should be very similar for neon and nitrogen, such an increase of the scaling factor seems unjustified. Furthermore, even with an increased scaling factor the dependence at lower energies would not be very well described. Naturally, the slightly different trend at the lower energies could be an indication that the description of an N + 2 ion by two N + ions breaks down at these low energies, as mentioned earlier.
We compare the data to a simple alternative model: assuming that the collision cascade physics which is responsible for the breaking of C-C bonds and the following interaction with atomic hydrogen is not affected by the chemical nature of the ion, we can still calculate this part of the process using the Hopf model with the scaling parameter a = 0.5. This assumption is reasonable because the chemical identity of a projectile is not important as long as the projectile is fast and the interaction is dominated by nuclear interaction. But at the end of the ion range, when the projectiles are decelerated to thermal energies, the projectile can interact chemically with the target atoms. If we further assume that this part of the interaction is identical to the N + 2 -only case, then the total sputtering yield should be given by the sum of the Hopf model and the measured yields for N + 2 -only. In the following section, we present a model for this interaction of N + 2 ions with a-C:H layers. For simplicity, we will call this model 'N-on-C model'. The sum of the Hopf model and the N-on-C model is shown in figure 2 as a solid line. The agreement with the data is excellent. In particular, the trend at the low energies, indicating a threshold energy in the range 10-20 eV, is reproduced better than with the simple Hopf model with an enhanced scaling factor of a = 0.65.
From this, we draw the following conclusions: both the processes are additive. N + 2 ions produce broken bonds which react with atomic hydrogen. This part is well described by the Hopf model. In addition, at the end of the range the decelerated nitrogen atoms react with carbon (and maybe hydrogen) from the film to form additional volatile species which increases the measured sputtering yield compared with, e.g., the Ne + + H 0 case.
A model for chemical sputtering by nitrogen ions only
Recently, Hopf and Jacob [42] suggested a model to describe chemical sputtering of carbon by hydrogen ions. This model is based on the previously described model for the co-bombardment case (noble gas ions plus atomic hydrogen) presented in the preceding section [38] and was adapted to the case of bombardment with reactive ion species. The adapted model for the case of impinging reactive ions is based on the identical microscopic picture as the model for the co-bombardment case. As before, the reaction yield is proportional to the overlap of damage production and local hydrogen density. But in contrast to the co-bombardment case, the local density of hydrogen is now given by the implanted ions. The impinging chemically reactive ions cause damage (broken bonds) in the near-surface layer. This is a purely physical effect driven by momentum transfer due to nuclear collisions of the projectiles with the target atoms. At the end of the ion range, when the ions are decelerated to thermal energies, they react chemically with the created broken bonds and form volatile reaction products. The probability for such a chemical reaction depends on the local density of the broken bonds and the density of reactive species. The density of the reactive species depends on the depth distribution of implanted projectiles. Only those reaction products formed within a certain distance from the surface can leave the solid and thus contribute to sputtering [42] . In addition to this chemical sputtering contribution, the impinging ions can cause physical sputtering if their energy is sufficiently high. According to this model, the total sputtering yield Y tot (E) is given by the sum of the physical (Y phys (E)) and chemical (Y cs (E)) sputtering yields,
where y bb (x, E) is the depth distribution of the produced broken bonds as a function of depth x and energy E and n(x, E) is the depth distribution of the implanted projectiles. Both these depth distributions are calculated by TRIM.SP [37] . The term exp(x/λ) is the depthdependent probability for the emission of erosion products formed at depth x. Finally, a is a scaling parameter. The details of the ion-solid interaction, in particular, the dependence on the projectile's nature, mass and energy, are taken into account by the TRIM.SP calculations. Using this model, Hopf and Jacob [42] were able to describe the sputtering of carbon by hydrogen and deuterium ions reproducing many of the experimental details, in particular, the isotope effect between H and D. We apply this model to the case of chemical sputtering of a-C:H films by N + 2 ions ('N-on-C model'). In these calculations, it is again assumed that an N + 2 ion behaves like two N + ions at half the energy. As target for the TRIM.SP simulations, we again use an a-C:H film with an H/(H + C) ratio of 0.3 and a density of 2 g cm −3 . In [42] , the following model parameters were used: a value of 5 eV was assumed as bond-breaking energy E bb . The decay length for the emission probability of reaction products λ was set to 0.4 nm. A choice of a = 1 for the scaling parameter gave excellent agreement with the data. The surface-binding energy E SB for graphite was set to 7.4 eV [37] . Because our target here is a-C:H (70% carbon and 30% hydrogen) and not graphite, we again apply E SB = 2.8 eV (see section 3.1). Using otherwise the same parameters as in [42] for our case of N + 2 ions, the agreement between the model and the data is very poor (see dashed line in figure 5 ). The agreement between the model and the data can be greatly improved if a higher value for E bb is chosen. Figure 5 shows results of the model according to (2) for E bb = 5, 10, 13, 15 and 20 eV. As the choice of the scaling parameter a is closely correlated with the choice of E bb , different scaling factors have to be used for different choices of E bb . This was discussed in [42] . A higher value of E bb causes a lower number of broken bonds and, as a consequence, the scaling factor has to be increased to compensate for that. The values for a in figure 5 are chosen such that the chemical sputtering yield at energies above 50 eV is well described. The following pairs of parameters (E bb , a) were used for the model curves shown in figure 5: (5 eV, 1.1), (10 eV, 2.2), (13 eV, 3.1), (15 eV, 4) and (20 eV, 7) . All other parameters were held constant. Figure 5 shows that a choice of 13 eV for E bb (solid line) yields excellent agreement with the measured data.
The best fit to the data is shown again in figure 6 . In addition to the total sputtering yield (solid line), the contributions of chemical (dashed line) and physical (dashed-dotted line) sputtering are shown separately. The relative contribution of chemical sputtering decreases with increasing energy, but is significant in the whole investigated energy range. It is larger than the contribution of physical sputtering for energies lower than about 650 eV. Below about 200 eV, the sputtering yield is dominated by chemical sputtering.
We have presently no concluding explanation for the necessity to choose a different value for E bb for the case of N + 2 ion bombardment. One possible explanation is that for the involved nitrogen-carbon chemistry different types of damaged sites are required compared with the hydrogen-carbon chemistry and that the damage types for nitrogen need a higher transferred energy. Another possible explanation is the significantly different bond energy (bond strength) of the used molecular ions. The H-H bond strength is 4.51 eV, and the N-N bond strength is 9.79 eV [51] . This energy has to be spent to dissociate the molecule upon impact. Since it requires more energy to break the N 2 molecule than the H 2 molecule, this could explain the higher threshold for N + 2 ion bombardment. In this respect, it has to be noted that most data for chemical sputtering of carbon by hydrogen or deuterium were also measured using molecular ions (H + 2 and H + 3 and their deuterated equivalents) [20, 25] . It has been shown that for the case of hydrogen and deuterium on carbon at low energies, the measured yield per nucleon depends on the type of ion used. 14 However, based on the available experimental data, we can presently not explain the higher threshold (E bb ) for nitrogen compared with hydrogen. This will require further dedicated experiments. Recently, we also found for the co-bombardment with argon ions and molecular oxygen [57] different behaviour compared with Ar + + H 0 . In this case, the difference was also explained by the assumption that different types of damaged sites are involved in the underlying reactions.
Summary and conclusions
In summary, our investigations with the particle-beam experiment MAJESTIX show that bombardment of a-C:H layers with N + 2 ions alone causes chemical sputtering. The sputtering yields (per N + 2 ion) are surprisingly high; they are of the order of 1 for ion energies above 50 eV. The sputtering yield increases slightly with decreasing ion energy (in the range 900-100 eV) and decreases significantly below 50 eV. For this case of N + 2 ions only, we adapted a model recently applied to the chemical sputtering of graphite by hydrogen ions only [42] . Applying this model, we achieved excellent agreement with the measured data, however, for changed model parameters. To yield good agreement with the experimental results, the bond-breaking energy had to be enhanced from 5 eV for H on C to 13 eV for N on C. The reason for this higher value presently remains unexplained.
Co-bombardment of a-C:H films with N + 2 and H 0 results in enhanced chemical sputtering yields as observed earlier for noble gas ions plus H 0 [38, 39] . But the measured yields are even higher than those predicted by the Hopf model [38] . This is explained by the assumption that the two involved processes: (i) creation of broken bonds by the ions and reaction of these broken bonds with atomic hydrogen forming finally volatile hydrocarbon species and (ii) chemical interaction of the decelerated nitrogen atoms at the end of the ion range producing volatile C x N y or C x N y H z species, are additive, so that the yield predicted by the Hopf model is enhanced by the acting C-N-H chemistry.
Investigating the temperature dependence at cryogenic temperatures, we found no change of the chemical sputtering yield in the range from 340 down to 110 K. This is in contrast to recent observations for co-bombardment of a-C:H with argon ions and water [47] as well as molecular oxygen [48] which both showed an increase of the yield with decreasing sample temperature.
These experimental findings have some impact on the deposition of a-C:N and a-C:N:H films. As the measurable net deposition on plasma deposition is often the result of the competition between gross deposition and erosion, the high sputtering yields of nitrogen ions presented here are of relevance in the deposition of nitrogen-containing films from nitrogencontaining plasmas. The sputtering yields are quite high-of the order of 1 for N + 2 only and E > 50 eV-and they are even higher in the presence of hydrogen. For the co-bombardment case, the yield increases with increasing ion energy. For mixed methane-nitrogen plasmas this can lead to a change over from deposition to erosion with increasing bias voltage, as was recently observed by Schwarz-Seelinger et al [26] . But even in a hydrogen-free plasma, the achievable net deposition rates will be strongly affected by the sputtering due to impinging nitrogen ions, which is much higher than the predictions for physical sputtering. These effects have to be taken into account for the modelling of such processes.
With respect to impurity-seeding of divertor plasmas in thermonuclear fusion experiments, it has to be noted that the bombardment of carbon surfaces with all impurity ions in a large background of hydrogen will lead to high chemical-sputtering yields. The yields are high for argon and neon, but even higher (≈ factor of 2) for N + 2 ions (see figure 4) . To some extent, this higher yield for nitrogen is due to the additional erosion channel which leads to formation of volatile C x N y or C x N y H z species. In the end, the high erosion rates of target plates made of carbon-based materials might result in lifetime problems for these components.
